Abstract: Effect of carbohydrases and phytase supplementation on growth performance, nutrient utilization and gut health of nursery pigs was evaluated. Pigs were blocked by body weight (BW) and sex and allocated to four treatments. Treatments were a positive control (PC), a negative control (NC) deficient in metabolizable energy (ME), crude protein (CP), Ca, and non-phytate P (nPP), NC plus Rovabio ® Max AP enzyme mix, at 0.05 and 0.075 g kg −1 . Apparent total tract digestibility (ATTD) was determined in faecal samples. Apparent ileal digestibility (AID) was determined in ileal digesta samples collected after euthanasia. Lower final BW and average daily gain (ADG) (P < 0.05) were observed in NC compared with PC. Enzyme at 0.05 g kg Key words: weaning pigs, carbohydrase, phytase, digestibility, gut integrity.
Introduction
Phytate and non-starch polysaccharides (NSP) are most commonly found anti-nutrient components in plantbased feedstuffs (Cheryan and Rackis 1980; Slominski et al. 2004 ). The ability of young pigs to effectively utilize diets high in phytate and NSP is limited (Young et al. 1993; Barrera et al. 2004) . As an example, canola meal (CM) with its high protein content is a potential alternative protein source, but it also has a high concentration of phytate and other NSPs (Zhou et al. 1990; Newkirk and Classen 1998) , limiting its use as a high-quality protein source. Feeding of weanling pigs diets high in phytate and NSP results in reduction in average daily gain (ADG), average daily feed intake (ADFI), and apparent ileal digestibility (AID) of energy and crude protein (Zijlstra et al. 2004; Landero et al. 2011; Agyekum et al. 2015) . However, adding appropriate carbohydrases has been shown to reduce the anti-nutrient effects of NSP in young pigs (Cadogan et al. 2003; Zijlstra et al. 2004; Kiarie et al. 2007) . It is also well documented that phytase supplementation to a P-deficient diet results in increased growth performance of pigs (Cromwell et al. 1993; Han et al. 1997; Yáñez et al. 2014 ) and utilization of Ca and P (Adeola 1995; Olukosi et al. 2007; Yáñez et al. 2014) . Carbohydrase addition to a diet high in NSP can lead to increased volatile fatty acid (VFA) concentration (Hübener et al. 2002) and a reduction in ammonia production (Kiarie et al. 2007) , creating a condition that is favourable for the growth of beneficial bacteria, and inhibiting the proliferation of harmful or pathogenic bacteria in the gut (Pluske et al. 2001) . Adding a mixture of enzymes that target different chemical components of feed ingredients is expected to result in higher growth performance and nutrient utilization in animals than the use of a single enzyme type alone. Therefore, the objective of this study was to evaluate the effects of a combination of xylanase, β-glucanase, and phytase on growth performance, nutrient utilization, and gene expression of selected markers of gut inflammation, mucin production, and phosphate transport in weanling pigs fed a corn -soybean meal (SBM) based diet.
Materials and Methods
All animal procedures were approved by the Purdue University Animal Care and Use Committee. All pigs used in this study were obtained from the Purdue University Swine Research Unit.
Animals
A total of 128 nursery pigs (Hampshire × Duroc × Yorkshire × Landrace, barrows: gilts = 1:1) with an average initial body weight of 5.4 kg were used in a randomized complete block design with eight replicates and four pigs per replicate for a 41-d study. Pigs were housed in floor pens and had ad libitum access to feed and water. Pigs were allocated to treatments based on their BW on d 0 and switched from starter to grower diets on d 14. Body weight and feed intake were recorded weekly and feed efficiency was calculated and corrected for mortality on a pig-day basis. On d 35, pigs were fed grower diets with chromic oxide at 0.5% for the determination of nutrient utilization (Adeola et al. 2010 ).
Dietary treatment
Four dietary treatments were used in this study; positive control (PC) which meets or exceeds requirements for all nutrients as suggested by National Research Council (1998), negative control (NC) diet with a lower level of ME (−84 kcal kg −1 ), CP (−3 g kg −1 ), Ca (−1.2 g kg −1 ), and nPP (−1.5 g kg −1 ) than the PC diet. and 10 000 phytase units (FTU) per gram. Units are defined as the amount of enzyme, which hydrolyzes wheat arabinoxylans, reducing the viscosity of the solution, to give a change in relative fluidity of 1 arbitrary unit per minute under the assay conditions (pH 5.5 and 30°C) for xylanase activity, and the quantity of enzyme, which hydrolyzes barley β-glucan (bound to a chromophore), releasing ethanol-soluble oligomers, to give an absorbance of 0.820 units at 590 nm for endo-β-1,3(4)-glucanase activity. One FTU is defined as the amount of enzyme that liberates one micromole of inorganic ortho-phosphate from phytic acid per minute at pH 5.5 and 37°C (Engelen et al. 1994) . In addition to endo-β-1,4-xylanase, endo-β-1,3(4)-glucanase and phytase activities, other enzymes (cellulases, pectinases, mannanase, and others) are also present and active in the preparation (Karboune et al. 2008 (Karboune et al. , 2009 . The presence of the enzyme preparation in the supplemented diets was confirmed by analyzing the corresponding xylanase and phytase activities. Diet composition is presented in Table 1 .
Sample collection
On d 40, faeces were collected via rectal palpation from each pig and samples were pooled within pen. On d 41, two pigs with BW close to the pen average were euthanized by CO 2 asphyxiation. Mucosal samples were collected from the jejunum and ileum (from length of about 5 cm). The section to be sampled was rinsed with cold distilled water before scrapping with clean glass slides into micro centrifuge tubes containing Trizol (Invitrogen, Grand Island, NY, USA) and stored at −80°C until processed. Ileal digesta from the distal one-third of the ileum was also collected and pooled from two pigs from each pen to determine AID of nutrients. The fourth metacarpal was retained for mineral analysis after removal of soft tissue. 2) (7.7) (7.5) (7.5) (7.5) Trp (2.2) (2.1) (2.1) (2.1) (2.0) (1.9) (1.9) (1.9) Val (9.2) (9.0) (9.0) (9.0) (7.3) (7.1) (7.1) (7.1) ), Ca (−1.2 g kg −1 ), and non-phytate P (−1.5 g kg
).
c Rovabio ® Max AP was added at 0.05 and 0.075 g kg
The enzyme premix is made to be added at 10 or 15 g kg −1 to yield 0.05 or 0.075 g kg −1 diet. CA, USA) and nuclease-free water (Ambion, Austin, TX, USA) for a total reaction volume of 20 μL. Reactions were incubated at 95°C for 5 min. Afterwards, samples were subjected to 50 cycles of an amplification protocol as follows: 10 s at 95°C, 20 s at the variable annealing temperature for each gene (Table 2 ) and 72°C for 30 s. Gene expression level of interleukin (IL) 1 β, Muc2, NaPiIIb was analyzed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an endogenous housekeeping control. Primers used for the real-time PCR are listed in Table 2 .
Measurement of serum Ca and P Whole blood was collected without an anticoagulant and centrifuged at 5000g for 10 min at 4°C. Serum Ca and P concentrations were measured using a BioVision assay kit (BioVision Inc., Milpitas, CA, USA) following the manufacturer's protocol.
Bone ash determination
The fourth metacarpal bone was defatted in petroleum ether and subsequently ashed in a muffle furnace at 600°C overnight for the determination of bone ash percentage.
Chemical analyses
Ileal digesta samples were pooled from two pigs per replicate pen and faecal materials were pooled from four pigs in each replicate pen. Diets, ileal digesta, and faecal samples were ground and dried at 100°C in a drying oven (Precision Scientific Co., Chicago, IL, USA) for 24 h to determine the dry matter (DM) content (Association of Official Analytical Chemists International 2000). Gross energy was determined in a bomb calorimeter (Parr 1261 bomb calorimeter, Parr Instruments Co., Moline, IL, USA). Chromium concentration was determined by digesting samples in concentrated nitric acid and 70% perchloric acid and absorption was measured at 440 nm using a spectrophotometer (Spectronic 21D, Milton Roy Co., Rochester, NY, USA) (Fenton and Fenton 1979) . Samples were digested in concentrated nitric acid and 70% perchloric acid to solubilize Ca and P. Total P content was measured by spectrophotometric reading of absorption at 620 nm using a method described by Onyango et al. (2004) . Concentration of Ca in the supernatant was determined using flame atomic absorption spectrometry (Varian FS240 AA Varian Inc., Palo Alto, CA, USA). Nitrogen content was determined with the combustion method (model FP-2000 nitrogen analyzer, Leco Corp., St. Joseph, MI, USA). Apparent ileal (or total tract) digestibility was calculated using the following equation:
where Cr i and Cr o are the chromium concentrations of the diet and ileal (or faecal) output, respectively (mg kg −1 of DM); and Y o and Y i are the concentrations of nutrients in the ileal (or faecal) output and diet, respectively (mg kg −1 of DM).
Statistical analysis
Data were analyzed using the Proc Mixed procedure of SAS (SAS Institute, Inc. 1998) for a randomized complete block design with enzyme treatment as the fixed effect and block (BW) as the random effect. Results are reported as least square means and standard errors of the means. Means were considered to be different at P ≤ 0.05. When the enzyme effect is significant at P < 0.05, differences between means were compared using the Tukey test. Superscript designations were used to indicate significant mean differences.
Results

Growth performance
Effect of treatments on growth performance is presented in Table 3 . From 0 to 14 d, pigs fed with the PC diet had a higher growth performance than pigs fed with the NC diet (P < 0.05). Feeding the NC diet reduced BW and ADG on d 14 by 7% and 17% (P < 0.05), respectively, without an effect on ADFI and G:F. Enzyme supplementation to the NC diet resulted in a similar BW and ADG to that of the PC diet without a difference between the two enzyme rates tested (P > 0.05).
For the period 15-41 d, BW on d 41, ADG, feed intake (FI), and G:F of pigs fed the NC diet were lower by 11%, increased BW, ADG, and FI by 1.8 kg, 44 g d −1 , and
, respectively, to achieve a similar level of performance as those of the pigs fed the PC diet (P < 0.05). The higher enzyme supplementation rate (0.075 g kg −1 ) partially restored growth performance, but without any significant difference with either the PC or NC group. There were no significant differences in the feed efficiency of pigs fed the enzyme supplemented diets relative to the NC diet and between these diets and the PC. Over the entire period (0-41 d), ADG and FI decreased for pigs fed the NC diet without enzyme supplementation relative to the PC, whereas these parameters were increased in pigs fed the NC diet supplemented with 0.05 g kg −1 of enzymes (P < 0.05) and similar to those of the PC diet. However, there were no significant differences between with the higher enzyme rate compared with both PC and NC diets. Without supplemental enzyme, G:F of pigs fed the NC diet was lower compared with the PC (P < 0.05). Although not statistically significant, both levels of enzyme supplementation resulted numerically higher G:F than the NC diet.
Serum P and Ca concentration and bone ash content
There was no difference in serum P concentrations on d 41 across treatments (Table 4 ). The PC treatment resulted in higher serum Ca concentration and higher bone ash content than the NC diet (P < 0.05). Enzyme supplementation had no effect on serum P concentrations. The higher enzyme supplementation rate restored serum Ca concentration to that of the PC diet (Table 4) . Both enzyme supplementation rates also restored bone ash to the same level as in the PC diet (Table 4) .
Apparent ileal and total tract nutrient digestibility
There were no differences in AID of nutrients across treatments (Table 5 ). The PC diet had a higher (+11.7%) apparent total tract P digestibility than the NC diet Note: Values are means of eight replicates; means with lowercased letters are different at P < 0.05. a PC, positive control; NC, negative control diets containing reduced amounts of ME (−84 kcal ME kg −1 ), CP (−3 g CP kg −1 ), Ca (−1.2 g Ca kg −1 ), and non-phytate P (−1.5 g nPP kg (P < 0.05). Supplementation with enzyme increased apparent total tract P and Ca digestibility by 11.4% and 17.1% for the 0.05 g kg −1 level and by 41.7% and 33.1% for the 0.075 g kg −1 level, respectively (P < 0.05, Table 5 ).
Gene expression
There were no treatment differences in the expression of IL-1β, Muc2, and NaPiIIb in the ileum in (data not shown). In addition, there were no treatment differences in the expression of IL-1β and NaPiIIb in the jejunum (data not shown). However, the NC treatment had a 1.5-fold higher jejunal Muc2 mRNA expression compared with the PC (P < 0.05). Furthermore, enzyme supplementation at 0.05 and 0.75 g kg −1 normalized jenunal Muc2 expression (1.02 and 1.15 fold, respectively, relative to the PC).
Discussion
In this study, we evaluated the effects of a multienzyme blend in a nutrient deficient NC diet on growth performance, nutrient digestibility, and expression of selected genes in the small intestine of weanling pigs. This was done to see the impact of the enzymes in correcting the nutrient deficiency in a diet, such as the NC diet. As expected, pigs fed the PC diet, containing adequate amounts of nutrients, had higher final BW, ADG, ADFI, and G:F than the NC diet throughout the study. In addition, supplementation with the enzyme mix increased BW and ADG compared with the NC diet, resulting in similar final BW and ADG compared with the PC. These results are in agreement with several previous studies (Graham et al. 1988; Zyla et al. 1996; Omogbenigun et al. 2004; Olukosi et al. 2007 ). Young pigs typically have a higher ADG response to β-glucanase supplementation than finishing pigs. This could be because finishing pigs have a more mature microflora that aids in the digestion of β-glucans than young pigs. The immaturity of the microflora of weanling pigs may necessitate the use of exogenous enzymes to aid in the breakdown of NSPs (Graham et al. 1988; Olukosi et al. 2007 ). Such enzyme action liberates more nutrients leading to increased growth performance. Omogbenigun et al. (2004) also reported an increased ADG from supplementation of a multi-carbohydrase blend to young pigs fed corn-SBM-based diets with CM and wheat. In the present study, enzyme addition also resulted in significant improvement in ADG. However, the increase in feed efficiency obtained with enzyme supplementation was not statistically different from the NC. The lack of a significant increase in feed efficiency with enzyme supplementation in this study relative to that of Omogbenigun et al. (2004) might be due to the differences in enzymes and feed ingredients used in the different studies. In the Omogbenigun study, cellulase, galactanase, mannanase, and pectinase were used as part of the enzyme complex. The diet used in the Omogbenigun study also had a high level of wheat (up to 60%), which might have provided more substrates for the enzyme cocktail than that was available in the corn-soy-based diet used in the present study. As reported by Willamil et al. (2012) , xylanase and glucanase were able to increase nutrient digestibility in a wheatbarley-rye-based diet, but failed to improve pig performance in a corn-based diet. Olukosi et al. (2007) also suggested that xylanase would be more active in diets Note: Values are means of eight replicates with two pigs per replicate; means with lowercased letters are different at P < 0.05.
a PC, positive control; NC, negative control diets containing reduced amounts of ME (−84 kcal ME kg containing a higher level of wheat, wheat middling, and CM. Indeed, NSP content ranges from 7% to 9% in corn and 7% to 11% in wheat (Summers 2001) . In addition, these NSP are mostly insoluble arabinoxylans and more complex than wheat arabinoxylans. Furthermore, it has been reported that 85% of the xylose are substituted in corn compared with 50% in wheat (Huisman et al. 2000) . Nevertheless, despite the lack of a significant increase in feed efficiency obtained in this study, perhaps due to the higher feed intake in enzyme-fed pigs, enzyme resulted in significant increase in daily gain. This suggests that the utilization of dietary nutrients released by carbohydrase and phytase was high enough to lead to improved weight gain. Arabinoxylans and β-glucans are found in the cell walls of protein-rich aleurone layer and starchy endosperm of canola seed (Bacic et al. 1988) . Starch and intracellular proteins may be surrounded by cell wall structure and unavailable for pigs to digest in the ileum (Omogbenigun et al. 2004) . Meng et al. (2002) demonstrated that adding carbohydrases with a wide range of cell wall degrading activities facilitate breakdown of cell wall polysaccharides. Thus, enzyme supplementation may have led to a better release of nutrients trapped by plant cell walls. It is well documented that supplementation with multi-carbohydrases improved AID of DM, gross energy (GE), and crude protein of young pigs fed with corn-wheat-based diets (Omogbenigun et al. 2004 ) and a cocktail of carbohydrases and phytase significantly increased ATTD of GE, P, and Ca in corn or wheat-based diets (Olukosi et al. 2007 ). Additivity of individual enzyme effects in a multienzyme mix can also be a factor in determining overall effect of the mix on nutrient digestibility. Additivity is determined by the types of individual enzymes in the mix and the substrates in the feed. Thus, additivity results are unique to individual enzyme blends (Jones et al. 2010) . Therefore, differences in additivity could partly account for differences in results from the current study and those of Omogbenigun et al. (2004) and Olukosi et al. (2007) . Even if enzyme supplementation did not result in an increased AID of DM, GE, N, and P in this study, numerical trends were observed.
It is thought that plasma inorganic P concentration increases with increasing inorganic P concentration in the diet (Dellaert et al. 1990; Eeckhout et al. 1995) . In addition, supplementation of diets with phytase results in increased plasma inorganic P (Adeola 1995; Gentile et al. 2003; Beaulieu et al. 2007) . In this study, we confirmed that pigs fed diets with higher dietary P and Ca also had higher serum P and Ca concentrations. Enzyme supplementation did not result in a statistically significant increases in serum P and Ca concentrations; however, serum Ca concentration was partially restored at the higher dose of enzyme supplementation. Consequently, the higher dose of enzyme supplementation numerically increased bone ash content. Parathyroid hormone (PTH) regulates blood Ca concentration and Ca is released from bones when dietary Ca is low (Persson et al. 1993) . It is possible that the low dietary Ca in the NC diet resulted in a lower bone ash content, perhaps due to the action of PTH, and that enzyme supplementation increased Ca availability, leading to partial restoration of bone ash. Future experiments in which the level of PTH is measured could help clarify this possibility. Shelton et al. (2004) reported that phytase supplementation to low Ca diet significantly increased ash content in growing-finishing pigs. In addition, an average increase of 14% and 37% in ATTD of P and Ca, respectively, was found with enzyme supplementation. This effect is consistent with the previous findings by Olukosi et al. (2007) and Kim et al. (2007) , who showed that xylanase and phytase supplementation to corn-or wheat-based diets improved ATTD of P and Ca in weanling pigs of about 10-20 kg BW. Therefore, the increase in ATTD of P and Ca, suggests that carbohydrases and phytase supplementation of corn-SBM diets is able to increase mineral utilization. As Omogbenigun et al. (2004) suggested, the additional available phosphate due to phytate hydrolysis by enzymes may be utilized for bone development, and this may have been confirmed by our results. Indeed, the PC diet resulted in a higher bone ash content than the NC diet, and enzyme supplemented diets had bone ash content intermediate between the PC and NC. Pigs fed diets with enzymes deposited an average of 4% more bone ash than the NC, indicating an increase in available phosphorus (Braña et al. 2006) . Bone ash content was numerically higher in the PC diet compared with the enzyme supplemented groups, although the ATTD of calcium and that of phosphorus (at the higher enzyme rate) was numerically higher in the enzyme supplemented groups. The apparent increase in Ca and P availability in the enzyme supplemented groups could have led to a restoration (albeit partial) of bone ash. This is in agreement with the results of Verm and Ellersieck (2008) , who found a similar response to phytase in a P and Ca deficient diet compared with a PC diet in growing pigs.
NaPiIIb is a key transporter involved in intestinal phosphate absorption (Xu et al. 2002) . Deficiency of dietary phosphate is an important physiological regulator of intestinal phosphate uptake as observed in the brush border membranes of mice and chicken (Quamme 1985; Hattenhaur et al. 1999) . The low phosphorus in our NC diet was expected to result in a higher expression of NaPiIIb expression. A higher NaPiIIb mRNA expression has been observed in mice fed a low P diet (Radanovic et al. 2005) . However, the NC diet did not result in a higher NaPiIIb mRNA expression in this study. This is also in agreement with Saddoris et al. (2010) . Previously uncharacterized species differences in the regulation of NaPiIIb expression during low dietary P may exist, and this may be responsible for the lack of a change in the expression of NaPiIIb in the pigs on the NC diet. As Saddoris et al. (2010) reported, the increased NaPiIIb protein abundance in the brush border membranes in pigs fed low P diet was not accompanied by an increased NaPiIIb mRNA expression. Further work is needed to determine if enzymes could influence NaPiIIb protein abundance, especially since there was no enzyme effect on NaPiIIb mRNA expression. A higher level of Muc2 mRNA was found in the NC diet. A higher rate of mucin turnover usually results in a higher Muc2 mRNA expression (Shekels et al. 2001) . Shekels et al. (2001) reported an increase of 193% in Muc2 mRNA expression in the jejunum of infected mice compared with uninfected control. Therefore, the higher Muc2 mRNA expression in the NC group may have been caused by nutrient deficiency and perhaps by a higher intestinal turnover. Therefore, the normalization of Muc2 expression with enzyme supplementation could indicate a possible preservation of jejunal integrity by the enzymes. Breakdown of NSP by exogenous carbohydrases can also result in increased VFA concentration (Hübener et al. 2002) and reduction in ammonia production (Kiarie et al. 2007) , effects that are beneficial for the growth of health promoting bacteria, and for the inhibition of the proliferation of pathogenic bacteria in the gut (Pluske et al. 2001) . Exogenous enzymes used in this study may have exerted beneficial effect on the gut microflora and intestinal integrity as well, although further work will be needed to confirm these possibilities.
In conclusion, combination of xylanase, β-glucanase, and phytase in one enzyme mix improved BW, ADG, ATTD of Ca and P in nursery pigs fed a corn-SBM-based diets marginally deficient in metabolizable energy (ME), N, P, and Ca, and perhaps to a preservation of jejunal integrity.
